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The Human Role in Space (THURIS) study was a 12-month effort to (1) investigate 
the role and the degree of direct involvement of humans that will be required in 
future space missions, (2) establish valid criteria for allocating functional activities 
between humans and machines; and (3) provide insight into the technological re- 
quirements. economics, and benefits of the human presence in space 

The study started in October of 1983 and was completed in September of 19K4 

'Ihe final report has been prepared in three separate volumes- 

Votumo I Executive Summary 

Volume II Research Analysis end Technology Report 

Volume III Generalizations on Human Rolos In Spa co 

This document is Volume 1 in the series 

The study results are intended to provide information and guidelines in a form that 
will enable NASA program managers and decision-makers to establish, early in the 
design process, the most cost-effective design approach for future space proizrams. 
through the optimal appheabon of unique human skills and capabilities in space. 

Questions and comments regarding this study or the material contained in this doc- 
ument should be directed to 

Stephen El. Hell I Itl'RtS Situh Manaccr 

Code I’D 24 National Aeronautics anil Spate Administration 

George C Marshall Space 1 licht Center (2M5) 4sV41 l )(> 

(or) 


Harry L. IVolbors IIIUKIS Studs M inager 

McDonnell Douglas Astronautics ( omp m\ 

Huntington Reach California (714) ,S% 4754 
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THE HUMAN ROLE IN SPACE 


Space project managers and engineers within 
NASA today .ire faced with a significant challenge 
On the one hand, with the Shuttle's attainment of 
operational status, the National Space I ranspor- 
tation System has successfully completed one more 
step toward establishing the permanent presence 
of man in space On the other hand, the competing 
demands on this Nation's limited economic re- 
sources arc forcing an increasing awareness of the 
need to maximize economic elfiuencv in achieving 
the goals and objectives of future space missions 
To meet this challenge, a rational methodology 
and set of performance and cost criteria are crit- 
ically needed In space project managers and de- 
cision-makers if they are to design the most cost- 
effective man-machine systems to accomplish spe- 
cific missions 

To be of value, these assessment procedures 
must clearly indicate to the decision-maker the op- 
timal location ot each activity and functional op- 
eration along the continuum from direct human 
intervention and control to independent system 
operations 

To this end. the 1 luman Role in Space study ( ! ) 
investigated the role and the degree of direct in- 
volvement of humans that will be required in fu- 
ture space missions, (2) established criteria for 
allocating functional activities between humans 
and machines, and (3) investigated the technology 
requirements, economics, and benefits of the hu- 
man presence <n space 1 he objective of the study 
was to provide a methodological tiamewoik bv 
which system engineers and decision-makers could 
evaluate early in the conceptual design process the 
relative advantages and disadvantages of alterna- 
tive modes of man-machine interaction 

As a point of reference, too often in system 
design an artificial dichotomy is created that at- 
tempts to classify systems as manual or unmanned 
There is no such thing as an unmanned system 
everything that is created by the system designer 
involves man in one context or another; everything 
in our human existence is done by. for. or against 
man The point at issue is to establish in every 
system context the optimal role of each man-ma- 
chine component 


Six basic categories of man-m..chine interaction 
were considered in the study MANUAL , SUP- 
PORTED; mmmmvED, teleopi. rated, SU- 
PERVISED, and INDEPENDENT These 
categories are defined in Table I 


Table 1 Categories of Man-Mac.tlne Interaction 


Manual 

Unaided IVA EVA, with simple (unpo*ered) 
hand tools 

Support ad 

Requires use of supporting machinery or la 
cilities to accomplish assiqned tasks (e g 
manned maneuvering units and loot restraint 
devices) 

Augmented 

Amplification ol human sensory or motor ea 
pa&ilities (powered tooiS exo ske'elons mi- 
croscopes rlc ) 

Teleoperated 

Lise ot romololy cont-o'led sensors and actua 
tors allowing the human presence to be re 
moved l-om the work site (remote manipulator 
systems teleoperators lelefactors) 

Supervised 

Replacement ol direct manual control ol sys- 
lorn operation with computer directed func- 
tions although maintaining humans in 
superviso-y control 

Independent 

Basics ly sell actuating self healing mde 
pendent operations minimizing requirement for 
di'ect human intervention (dependent on auto 
mation and art.fical mtemgonce) 


The criteria of performance, i o\t. and techno- 
logical readiness (program confidence) are the 
principal factors that program or project managers 
and system engineers use in selecting the most cost- 
effective approach to meeting mission objectives 
The decision-maker must base his judgment on 
knowledge that a particular implementation option 
can or cannot meet the performance requirements 
in terms of such factors as force, sensory discrim- 
ination. speed, and accuracy If it can meet the 
performance requirements, can it do so within the 
system's environmental constraints of. e g . tem- 
perature pressure, radiation, atmospheric con- 
stituents, mass limitations, acceleration 
disturbance limits'* In many cases, more than one 
implementation option can meet the performance 
requirements, and it is then necessary to examine 
the relative costs and the technological readiness 
or program confidence associated with each ap- 
proach While the final selection in the tradeoff 
between .m acceptable probability of success and 
the resultant cost must rest with the decision- 
maker. the intent of this study was to provide a 
frame of reference in which the interrelationships 
of these pertinent parameters can be made visible, 
and from which rational or informed decisions can 
be derived 
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Section 1 

PERFORMANCE FACTORS 


I he initial step in defining the man-machine role 
is to identify the performance (actors that are hev 
to meeting the specific mission objectives "I his 
step involves defining the hasie activities required 
to meet the mission objectives and examining hu- 
man capabilities and limitations in conducting 
these basic activities 

1.1 DEFINITION OF ACTIVITIES 

In order to derive a generic list of activities that 
could be used to describe any tuture space mission, 
various past and proposed space projects were an- 
alyzed These projects included manned facilities, 
such as Sky lab. as well as unmanned sujiport con- 
cepts. such .is the Space Platform (power svstem) 
and the Advanced X-Ray Astrophvsics Facility 
(see Figure I ) 

1 he first step was to identify the missions as- 
sociated with each ol these anticipated space proj- 


ects The missions resulting from these projects 
appear to cover the gamut of activities envisioned 
for space operations. These missions range from 
the initial deployment and free-fly er operations 
associated with unmanned sv stems to the manned 
operations involved with various subsv stems pav- 
loads. and experiments In addition to these, we 
also examined intravehteular and extiavehicular 
activities resulting from maintenance and servic- 
ing. construction, and growth opeiations We also 
used the results of the ARAMIS studv (Mil. 
Phase I Final Report. August l'JS2 and the Phase 
II Final Report. June lhSJ) which developed a 
listing of some 330 generic functional elements that 
also were derived Irom the analvsisot several space 
projects 

The project analysis entailed defining the var- 
ious levels of events used to describe each o! the 
identified missions Uuch mission was bioken 
down to the sequence level to describe the detailed 
operations for the given mission I he sequences 
were then further defined through the identifica- 
tion of the activities that made up each of the 
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operational sequences. Once the activity level 
events were defined, a great deal of commonality 
was found to exist among the activities comprising 
various operational sequences and the missions of 
each space system examined In other words, the 
same basic activities were found to be required in 
different operations and in different missions 1 he 
objective was to develop a final list of basic or 
generic activities, each with unique characteristics 
that, when combined, could be used to describe 
future space missions (hgure 2) 

1 he Space Platform project will serve as an ex- 
ample for defining the project analysis Space Plat- 
form was a conceptually designed free-flying 
platform that could provide services, such as elec- 
trical power, thermal control, and communications 
and data handling to a wide range of attached pay- 
loads With scheduled revisits by the Space Shut- 
tle. the Space Platform missions provide the 
opportunities for using the human presence in 
maintenance and servicing, as well as in the initial 
deployment and/or assembly of payloads 

Analysis of the Space Platform resulted in the 
identification of five mission categories (Figure 2) 
Each of the respective missions was defined by the 
sequence-level events required to perform those 
missions At the sequence level, several events 
may occur in more than one mission For example, 
the berthing operation between the Space Plat- 
form and Space Shuttle not only appears in the 
payload reconfiguration mission, as shown, but 
also in the initial deployment and maintenance 
missions, as well as in evolutionary growth mis- 
sions The reason is that in order for those missions 
to be performed, the Space Platform and Space 
Shuttle must be berthed together 'I he sequence- 
level operations were then furthei defined by iden- 
tifying the activities necessary to accomplish that 
operation As stated previously, these identified 
activities were examined and combined, where 
appropriate. 

The analysis of the Space Platform’s five iden- 
tified missions yielded 35 operational sequences, 
which were further defined by 260 activities Be- 
cause there appeared to be a great deal of redun- 
dancy at the activity level, we evaluated each 
activity against the remainder, eliminated redun- 
dancies, and combined similar activities T Ins anal- 
ysis thut resulted in the identification of 27 generic 
activities that could be used in combination to de- 
scribe .ill the Space Platform missions 

Similarly, the analysis of the Life Sciences Lab- 
oratory project centered around three identified 
missions, as shown 1 liese missions were analyzed 
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at the sequence level, and each sequence in turn 
was redefined into its basic activities An inter- 
esting note about tins analysis is that even though 
the sequence-level events were notably different 
for each life sciences mission, there was. once 
again, considerable commonality among the activ- 
ities required in the dillerent mission elements 
1 he Ide sciences activities were reduced to a listing 
of 29 generic activities, of which two were unique 
and the remaining 27 were similar to the generic 
activities derived from the analysis of the other 
space projects 

As each new source of mission data or mission 
activities was examined, the previously defined 
listing of generic activities was matched against the 
new information. If a specific activity could not 
easily be described by one of the previously de- 
fined generic activities, a new activity category was 
identified for incorporation into the generic activ- 
ity list 

The analyses of these space projects down to 
the activity level has resulted in the identification 
of 37 unique generic space activities These activ- 
ities arc defined in Table 2 Table 3 summarizes 
the space project sources from which they evolved 
It is our belief that this list of generic activities can 
be used to describe the operational sequences re- 
quired in the broad spectrum ol potential space 
missions anticipated in the coming decades 

1.2 HUMAN CAPABILITIES AND LIMITATIONS 

In older to define the potential role of the hu- 
man in accomplishing each of these activities, a 
detailed list of human capabilities applicable to 
space mission activities was compiled from pre- 
vious studies, technical journals. NASA mission 
reports, human factors texts, and biomedical ref- 
erences These capabilities were grouped into the 
three categories of sensory/perceptual, intellec- 
tual, and psychomotor/motor The following ca- 
pabilities were examined under each of these three 
categories* 

A. Sensory/Perceptual Capabilities 
a Visual acuity 

0 Brightness detection and disci umnation 
a Color discnminntion 
° Depth perception and discrimination 
H Peripheral visual detection and disci immation 
Q Visual accommodation 
b Detection and discrimination ol tone 
n Discrimination of sound intensity 
b Sound localization 
n Detection of light touch 
a Tactile iccogmtion of shape and texttuc 


b Discrimination of force against limb 
B Discrimination of limb movement and location 
Q Detection and discrimination of angular 
acceleration 
B Equilibrium 

b Detection and discrimination ol vibration 
Q Detection of heat and cold 
° Detection and discrimination of odors 

B Intellectual Capabilities 
n Cognition 
B Memory 

o Divergent and convergent production 
b Evaluation 

C. Psychomotor/Motor Capabilities 
B Production and application ol force 
o Control of speed of motion 
Q Control of voluntary responses 
Q Continuous adjustment control (tracking) 
b z\nn/hand/fmger manipulation 
h Body* positioning 

P'or each capability, a definition was provided, 
its characteristics were identified, factors that tend 
to change or limit the capability were listed, and 
comments were made regarding the relevance and 
application of the capability to man's role in space. 
Table 4 summarizes key human capibihties for 
performing each of the 37 activities The activities 
highlighted m I able 4 arc those where direct hu- 
man participation is consideicd to be most bene- 
ficial or essential 

T he hunts of human capabilities may be altered 
by both environmental and task-related (actors. 
Environmental stresses, such as vibration, noise, 
acceleration, light, and radiation, can affect hu- 
man capabilities, however, they are generally 
avoided by specific approaches to spacecraft de- 
sign characteristics or mission operations (see 
Table 5) Another stress factor affecting human 
capabilities is the space adaptation syndrome or 
space motion sickness (see Table 6) The symp- 
toms are generally the same as those associated 
with conventional motion sickness; however, they 
occur early in the flight peak at about 24 to 3ft 
hours, hut may last as long as 4 days 

Some system operational requuements speedy 
performance beyond human sensory or psyehom- 
otor capabilities (e g . sensing outside the visible 
band of the electromagnetic spectrum, force ac- 
tuation beyond normal human capability, or ex- 
posure to extreme pressure, temperatuie. or toxic 
environments 



Table 2 The 37 Generic Activities 



1 Activate Initiate System Operation Those events andor command sequences involved in the activation or initialization ol a space- 
based system or subsystem 

2 Adjust Mgn Elements Those adjustment activities involved in such operations as alignment ol optical elements, fine tuning ol 
precision electronic equipment antenna pointing and remote camera focusing operations 

3 Allocate Assign D'StriOute Those activi'.es involving the reallocation or redistribution ol resources o g , the redistribution ol power, 
coolant How etc to sensitive subsystem equipment to reflect operational needs or contingency operations 

4 Apply Remove Bomed'cat Sensor Those unique activities associated with the installation removal and cleaning ol sensors used to 
obtain biomedical data Irom a test subject 

5 Communicate Information Those activities involving the establishment ol the communications link and the transmision ot information 
Irom one source to another It includes the verbal or visual interchange between two crewmen as well as the electronic transterence oi 
scientific information trom a space probe to a terrestrial based user 

6 Compensatory Tracking Those activities involv.ng continuous control adjustments to null an error signal against a lured reterence 

7 Compute Data Those activities reouiring a mechanized lorm of data processing such as in structural analyses computation ol 
positions ol celestial bodies or other torms ol numerical computations 

8 Conh'm Verity Procedures Schedules Operations Those activities involving the assessment ol whether or not a previous event has 
in fact been accomplished (such as a system verilication or checkout) or a procedure satisfied or a schedule met 

9 Connect Disconnect Electrical Interlace Those activities requiung the completion or termination ol an electrical mlertace They may 
involve use ol blind mated sell a'igning connectors mu'titurn screw drive interlace plates or similar devices 

10 Conned Disconnect rtuid Interlace Those activities requiring the completion or termination o( a fluid interlace They may involve 
use of a simple plug in sleeve lock connection multiturn screw drive interlace p'ates or simi'ar devices 

1 1 Correlate Data Those activities involving the identification ol positive or negative relationships or comrnonalitres among data sets, 
such as organizational slructuies. characteristics, or processes 

12 Deactivate Terminate System Operation Those events and or command sequences involved in the termination or deactivation ot 
a space based system or subsystem 

13 Decode Encode Data Those activities involving the conversion ot data into either its original form or into a form compatible for 
transmission e g converting transmitted digitized data into its original ana'og lorm or digitizing analog data for transmission to the ground 
station 

14 Delme Procedures Schedules Operations Those activities involving logical deductions or convergent production leading to devel- 
opment of procedures, schedules or operations with pred.ctabte outcomes 

15 Deploy Retract Appendage Those activities associated wiih the extension ol a hardware element to a position where its assigned 
function can bo realized or conversely the stowing ot that hardware element based on task completion or salety considerations 

16 Detect Change in State or Condition Those activities wherein the departure ot a parameter Irom its original or relerence state or 
condition is required to be sensed or observed 

17 Display Da'.i Those activities invo'ving the presentat on of information data by visual aud.tory or tactual means 

18 Gather Reciaco Toots Equipment Those activities uvu -ed in the obtaining or returning of tools or equipment used to perform a 
specilic task, such as collecting or replacing maintenance tool i or donning dotting the Manned Maneuvering Unit 

19 Handle Inspect Examine Living Organisms Those adv.l'es involving tho unique operations associated with working with living 
organisms These activities involve tho manipulation and gereral hand'ing ol animals, ranging trom stroking to inspecting or examining 
anatomical characterises 

20 Implement P'ocedures Schedules Those activities involving the instituting and carrying out of procedures or schedules (such as 
updating a mission model schedule) *«■ dst.nguished from activalmg or initiating system operations 

21 Information Processing Those activit.es invo'ving tne categorizing extracting interpolating itemizing tabulating or translating ot 
informal.on 

22 Inspect Obse-vg Those activities invo'ving the critical appraisal ot events or obiects They may include tha verification or idartilicat'on 
of a particular elements, such as damage inspection ot a returning orbital test vehicle, observation and iden'ification ot a celestial ob,ect. 
or behavior of a living organism 

23 Measure (Scale)' Physical Dimensions Those activities involving tho estimation or appraisal of a dimension against a graduated 
standard or criterion 

24 Plot Data Those activities invo'ving the mapp ng displaying or locating of data by means o! a specked coordinate system 

25 Pos ’’ on Module Those activities involving the positioning ol a component into a desired orientation e g , install, ng a new component, 
or ti'tmg a pav'oad into its launch orientation 

26 Precision Manipulation ol Ob,ects Those ac'ivities involving tasks trut require a high degree ct manual dexterity, such as the 
assembly disassembly ot small int.-icalo mechanisms or the instal'ation o’ measurement sensors i e , stram gages, thermocouples, etc 

27 Problem Solving Decision Making Data Analysis Those |udgnenta! and sometimes croairvo activit.es involving the dra.v.ng of 
inferences or conclusions through the use of cogn tion convergent o r civerqent production memory, and comparative evaluation Functions 
to be perfowned may include analyzing, calculating choosing comparing estimating or planning 

23 Pursuit Tracking Those activities invo'ving continuous control adjus'ment to match actual and desired signals when the desired or 
reference signal is continually chanqmg 

23 Release Secure Mecnar i cal In’arface Those activit es involving the manipulation ot a mechanical interface ranging Irom a simple 
one-handed, o/er-center latch ■application to a high torque, multiturn tnreaded lastener May involve manipulation ot multiple lasteners 
arranqed in various patterns or configurations 

30 Remove Module Those activities involving the physical extraction or removal cf a component alter the mechanical, electrical or 
thermal interfaces have been releaseo or disconnected 

31 Remove Replace Cove'ing Those activifos involving the removal or remst3l'ation of an access covering or a protective covering 
as required to gain access to system elements or to cover them up upon completion ot the work 

32 Replace Clean Surface Coatings Those unique activities invo'ving the restoration ot a degraded contaminated surface coatirg, such 
as replacng a radiator s thermal coating or cleaning an optical system s viewing surface 

33 Rcp'emsh Materials Those achvities mvotv.ng the resupplying ot consumables, such as refueling a spacecraft, recharging an optics 
cryo-based cooling system or p'ovidmg food supplies to an animat holding tacit ty 

34 Store Record Element Those activities involving the recording or storage ol items tor both short term and long-term periods e g , 
recordinq'stoiage ot experimental data or ihe temporary s'orage of a bicmed.cal samp'e 

35 Surgcal Man-pulavons Thoso activities such as a surgical procedure or a dissect'On, including tissue sample acquisitions, that 
roqu.re a high degree of skill and know'edge as well as manual dexterity 

35 Transport Loaded Those activities involving the conveying ot a physical object by some transportation device trom one location to 
another e g , tho t'pnsportmq ot a component via a crewman or a remote manipulator system 

37 Transport Unloaded Those activities involving the movements ol an unoaded individual or device from one location to another 
e g , the movement ot a crewman to a worksite w.ihout carrying loo's or equipment or the movement ot a remote manipulator system With 
nothing attached 
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Table 3. Sources of Generic Activities 


Generic Space Activities 

Source j 

AXAF 

(1) 

Skylab 

(2) 

Space 

Platform 

Space 

Station 

(3) 

ARAMIS 
Study (MIT) 

Lite 

Sciences 

Laboratory 

1 Activate. Initiate System Operation 

0 

• 

• 

• 


0 

2 Adiust Align Elements 


• 



• 

0 

3 Allocate Assign Distribute 


0 

• 

0 

• 

0 

4 Apply/ Remove Biomedical Sensor 


• 


e 

• 

0 

5 Communicate Infounation 

• 

• 

• 

0 

0 

0 

6 Compensatory Tracking 




0 

0 


7 Compute Data 

• 

• 

• 

0 

0 

0 

8 Confirm Verify Procedures Schedules Opera'ions 


• 

• 

0 

0 

0 

9 Connect D.sconnect Electrical Interface 


• 

• 

0 

0 

0 

10 Connect Disconnect Fluid Interface 


• 

0 

0 

0 


1 1 Correlate Data 


• 

o 

0 

0 

0 

12 Deactivate Terminate System Operation 

• 

• 

• 

0 

0 

0 

13 Decode Encode Da'a 



• 

C 

0 


14 Define Procedures Schedules Operations 


• 

• 

0 

0 

0 

15 Deploy Retract Appendage 

• 

• 

• 

0 

0 


16 Detect Change in State or Condition 


• 


0 

0 

0 

17 Display Data 


• 

• 

0 

0 

0 

18 Gather. Replace Tools Equipment 

• 

• 

• 

0 

0 

0 

19 Handle Inspect Exam ne Living Organisms 






0 

20 Implement Procedures Schedules 


• 

• 

0 

0 

0 

21 Informat'on Processing 


• 


0 

0 

0 

22 Inspect Observe 



o 

0 

0 

0 

23 Measure (Scale) Physical Dimensions 





0 


24 Plot Data 



o 

0 


0 

25 Position Module 

0 

• 

© 

0 

© 

0 

26. Precision Mampulation of Objects 




0 



27 Prob'em Solving Decision Makmg Data Analysis 


• 

© 

0 

0 

0 

28 Pursuit Trachirg 


• 

0 

0 

0 


29 Re'ease/Securo Mechanical Interface 

• 

• 

• 

0 

0 

0 

30 Remove Modu'e 

• 

o 

• 

0 

0 

0 

31 Remove 'Replace Covering 


• 

• 


0 

0 

32 Replace - Clean Surface Coatings 

• 


• 



0 

33 Replenish Materials 

• 

• 


0 

0 

0 

34 Store Record Ele nents 


0 


O 

0 

0 

35 Surgical Mampu'ations 






0 

36 Transport Load ad 

• 

• 

• 

0 

0 

0 

37 Transport Unloaded 

• 

0 

• 

0 

O 



(1) Includes EREP and ATM Activities 

(2) Includes Activhies Derived from the Analysts cf Space Platform Ground System Data Management Stddy 

(3) Includes 330 Generic Funct'onal Elements Derived from the Geosynchronous Platform, Advanced X Ray Astrophysics Facil'ty Teleo- 
perator Maneuvering Sys'em and Space Platform 
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Table 4 Benefit of Man'a Participation In Space Activities 


Ho 

Generic space 
activity 

Key 

capabilities 
utilized 
In rren'a 
participation 

Benefit of man'a onboard participation 

Overall 
benefit from 
man's onboard 
participation 

Rationale 

Equipment 
can be 
eltmlnited 

Performsnea 
of activity 
is Improved 

Probability 
of mission 
success Is 
Increased 

1 

Acttvstonpats 
system cpctstwn 

Evaluation 

Vision 

Mamputotion 

Minima! 

In soma cases 

MegBgibto 

Not s>eoiucant 

Automatically activated systems wtB 
pred*yn,nato 

2 

A^uvutfian cements 

Vision 

Cegmton 

UVa’l'a'ST 

Vc 

In some case 

. 

Bentteael 

Mcsl atonmcfil operations within 
man s capabilities 

3 

wtoccts assent 
tftssiote 

Cogmlcfl 
Convergent Prod 

No 

hi some cases 

Msymal 

Not signitcar.t 

Pnma'Sy automated operations 

B 


Cognition 

Manipulation 

Not applicable 

Yes 

Yes 


Operations cannot easi'y be 
automated 

5 

Si H 

Cogntion 

Vwon 

No 

In some cases 

No 

Not significant 

Cammjivcaiion link esfab&shsd 
automahcaV 

e 

Compensatory 

tucking 

Cog-v'ion 
Ev; ^ten 
Vts*on 

MarKpulstiOn 

Mineral 

No 

Minima! 

Not jajnrSeaat 

Highly depondonl oh nature ol 
tracking lask Humifying erto; stgna! 
could be automatic 

7 

Compute data 

Cc^niDcn 

evaluator* 

No 

No 

Minima! 

Mol sign team 

Man wH play negligee role in most 
daa computation 

e- 


Coyr'an 

Evaluation 

No 

No 


Not significant 

Man would usualy funciion m a 
lustra p rpio only 

9 

Connectdisconnecl 
electrical interfaces 

Vision 

Gross Motor Act 

Man.pulation 

Evaluation 

Yes 

Yes 

Yes 

Beneliaal to 
essential 

Typical utilization of man s basic 
capabilities 

10 

Connect d sconnect 
fluid interfaces 

Vision 

Gross Motor Act 

Vamputation 

Evalua'ion 

Yes 

Yes 

Yes 

Beneficial to 
essential 

Typv al u'll.zation o! man s basic 
capacities 

11 

Cons' to rata 

Ccgatxfl 

Er&tijO'iqn 

NO 

tv seme Cvrats 

Mmuhi! 

Mo* srem'fsnt 

Mae wputd usualy for.stion in a 
t echo rota cn!/ 

12 

DecsSvstPVrmnag 
systom otyi'arfon 

‘.taripijtuon 

v iZKri) 

Evcba'ioft 

tfrerai 

In S3 "to casts 

Negtgtbig 

Not Ctmefipafi 

Auto-naScaJy tfesavafad systems wia 
td tbs harm 

13 

OesodJt’ctcoo? djta 

Gognd'en 
Convergent prod 

No 

1*0 

No 

Not s^uScnot 

Compu'or fancten cn’y 

14 

Define procedures' 
sctiedu'cs ope.a’tons 

Cogmt'on 
Dtvergen* Prod 

Yes 

Yes 

Yes 

Essen'ial 

Activityis wholly depc dent on man s 
intellectual capabilities 

15 

Deploy r&rict 
appends 

ViS'Cd 

Gross Motor Act 

Yas 

h some cases 

5n$ofr& 

casts 

Geno'cta) 

Ss'-dcm repeated activities ate poor 
can-1 c'ztas tor automation 

16 

Detect change in 
sta'e or cond nan 

Cognition 

Evalua'ion 

Vis-on 

Ha 

in some cases 

m 

Eonelcial or 
essent.al 

St'ongiy cependent on charactenstics 
ol activity 

17 

Display da'a 

Cognition 

Evaluation 

No 

Yes 

Yes 

Beneficial lo 
essential 

Man impodant in selection of data to 
bo displayed 

IS 

Gather raplace tools' 
equipment 

Cognition 

Yes 

Yes 

Minimal 

Benelicial la 
essential 

Man can vary tool selection w th 
respect to task 

19 

Handle inspect 
examine l.vmg 
Organ sms 

Cogmton 

Vision 

Manipulation 

Not applicable 

Yes 

Yes 

Essential 

Activity cannot be automated in most 
cases 

20 

Imp'ement 

procedures schedules 

Cognition 
Evaluation 
Convergent Prod 

Not applicable 

Yes 

Yes 

Cssen'.al 

Activity dependent on m3n s 
involvement by definition 

21 

Information 

processing 

Cognition 
Evaljat on 

Minimal 

Yes 

Yes 


Essential interaction between man 
and computer 
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Table 4, Benefit of Man's Participation In Space Activities (Continued) 


No 

Generic space 
activity 

Key 

capabilities 
utilised 
In man’s 
participation 

3eneftt of msn $ onb' nrd participation j 

. 

Overall 
benefit from 
man s onboard 
participation 

Rationale 

Equipment 
can be 
eliminated 

Performance 
of activity 
Is improved 

Probability 
c* mission 
success Is 
Increased 

22 

Inspect observe 

vis on 
Cogn tion 
Evaluation 
Divergent Prod 

Yes 

Yes 

Yes 

Highly beneficial 

Man s selective observations superior 
to automated mon.tonng 

23 

Mpcsure (reals) 
physical dimensions. 

Vision 

[Eva'uation 

In soma cases 

No 

hsome 

cases 

Benefit (»n tom 
cases 

Man Is best alternative in some 
S'tuehcns 

K¥; 

Plot dais 

Cognition 

[No 

Iwrenol 

"to 

No! siqmlicant 

[Prlmanty a computer function 

25 

Position nodule 

! 

Vision 
Eveluation 
Grors Motor Act 


In some cases 

In some 
;ce$e$ 

Bc-nehoal fot some 
eclwSies 

[Man s bencf.t highly dependent on 
type p! activity 

' 

26 

'Precision 
manipulation of 
objects 

Vision 

Manipulation 

Cognition 

Yes 

Yes 

Yes 

Most often essent'a 1 

; 

Mon ^ manipulative skills cannot be 
dupi cated by automatic devices 

27 

Problem solv ng 
decision making data 
analysis 

Cogniton 
D'vergent Prod 
Convergent Prod 
Evaluation 

Yes 

Yes 

Yes 


Man essential by definition 

26 

Puisui decking 

Cogmtan 

Marfpufaton 

Minimal 

Ye* 

Minimal 

CouM ba signrlicsrd 

Dependent on specific tracking task 

29 

Release secure 
mechanical interlace 

Vision 

Gross Motor Act 

Manipulation 

Evaluation 

Yes 

Yes 

Yes 

Beneficial to 
essential 

Exemplary utilization ol man s 
capabilities in space activity 

zz 

-J 

Remove modulo 

Vision 
Evskialion 
Gross Motor Act 

In some cases j 

In some ecsss 

HI 

i 

Beneficial lor some j 
mission acW-es 

Mai s t)£>nc*i hghly dependert on 
type of actvity 

3t 

RemoY&Ydpfe'# 

covering 

Y^on 
Evaiuaion 
Gross Motor Act 

In some cases 

B 

fnsomo 

cucas 

■I 

Msn s benefit h-ghty dependent on 
task characteristics 

32 

Replace clean 
surface coalings 

Vision 
Eva'uation 
Gross Motor Act 

Yes 

Yas 

Yes 

Beneficial to 
essent at 

Infrequency of activity negates 
automation 

33 

Replenish materials 

Vision 
Eva'ua'on 
Gross Motor Act 

Yes 

B 

Yes 

Bene'ioal to 
essential 

Degree of beneM is dependent on 
nature of task 

34 

Store'record eljment 

Cognition 

No , 

ho 

No 

Not sgrebcant 

Msn 3 partcipaton of benefit on'y in 
iso'ated cases 

35 

Surg'C3l 

manpulations 

Vison 

Manipulation 
Cogn t.on 

Not applicable 

Yes 

Yes 

■i 

Activity not appropriate for automation 

23 / 

37 



tn some cases 

In some cases 

tn sons 
cases 

Dependent on 
character fifes ol 
task 

Ctia-actenstics ol tasks can vary 
ex'ensiveiyfor this aelV'ty 


Highlighted acutes are those where direct human participation is considered mosl benelic.a! or essential 


fl 


To provide a frame of reference for compaimg 
the levels of performance possible with each man- 
machine mode, summary timeline profiles, as il- 
lustrated m Figure 3. were prcp.tied lor each of 
the 37 activities The ranges of times for accom- 
plishing each activity were based upon specific 
tasks ider.'ilied during the analysis of the icpre- 
sentative sample of space projects 1 he times are 
based either on actual space peiformance. simu- 
lation of space activities in neutial buovancy sun- 
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uhitors, or engineering estimates derived from 
conceptual designs or from similar operational 
cxpei icnces 

In addition to the timeline data, potential re- 
quirements for human involvement and the pos- 
sible limiting factors in direct human involvement 
were also flagged on these summaiy sheets 

As <i general statement, response time was 
found to he the most generallv applicable discrim- 
inator between the manually controlled modes and 
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Table 5 Limiting Factors - Effects of Other Environmental 
Stresses on Human Performance 



Intensity of stress 

Type of stress 

Performance 

degrading 

Injurious or 
life threatening 

Vibration 

0 08 g s at 
- 4 to 8 Hz 

2 g s at 
- 3 to 8 Hz 

Noise 

80 to 85 bB 

100 to '20 dB 

G; acceleration 

2 to 3 g s 

5 lo 6 g s 

G, acceleration 

5 to 6 g s 

12 to 15 g s 

Light 

Complex 

2 3 x 1 0 s lumens/tt 2 

Ionizing radia'ion 

— 

-■ 5 rads 'day 


C*f ’3 1*5 


the supervised and independent modes of opera- 
tion It responses in time periods of seconds or less 
arc required, then the activity is generally best 
performed in the supervised or independent 
modes In the “Connect/Disconnect Llectrical 
Interface" or ‘‘Release/Secure Mechanical Inter- 
lace" classifications, for example, applications 
where speed ol response would dictate that the 


Table 6 Limiting Factors - Space Adaptation Syndrome 
(Exposure to Weightlessness) 


Human 

Duration of exposure (hours) 

capabilities 

Impacted 

< 3 

3-12 

12-14 

24-48 

43-72 

72-96 

96 

Vision 

None 

Mod 

Mod 

Neg 

Neg 

None 

None 

Discrimination 

None 

Mod 

Mod 

Neg 

Neg 

None 

None 

Discrimination ol 
angular accelera- 
tion 

Neg 

Mod 

Sig 

Sig 

Sig 

Sig 

Sig 

Cognition 

None 

Mod 

Sig 

Sig 

Mod 

Neg 

Nono 

Memocy 

None 

Mod 

Sig 

Sig 

Mod 

Neg 

None 

Evaluation 

None 

Mod 

Sig 

Mod 

Neg 

None 

None 

Visual-motor 

tracking 

Mod 

Sig 

Sig 

Mod 

Neg 

Neg 

Nona 

Manipulative skills 

None 

Mod 

Sig 

Sig 

Mod 

Neg 

None 

Body positioning 

Mod 

S,g 

Sig 

Mod 

Moo 

Neg 

None 











Impact code 

(Decrease in observed capability) 




None 

Negligible 

Moderate 

Significant 

(None) 

(Neg) 

(Mod) 

(Sig) 




Figure 3 Performance Requirements 
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activities he performed in the supervised or in- 
dependent modes might include launch abort pro- 
cedures or emergent} separation procedures If 
allowable response times become minutes or 
hours, then all modes might be applicable, and 
other criteria, such as cost effectiveness, would 
provide a more appropriate basis for the selection 
of a particular mode of implementation 

An important consideration when evaluating 
manual task performances is whether or not times 
differ (or accomplishing similar tasks m an extra- 
vehicular as compared to an inlravchicular mode 
of operation In IVKV McDonnell Douglas Astro- 
nautics C'ompunv performed two series of neutral 
buovanev tests in which the same maintenance and 
servicing tasks were performed I he fust test was 
performed in SCUBA onlv which equates to the 
simulated mtravchicular environment 1 he second 
test series involved pressure-suited subjects, which 
simulated the ex'r.tvehicular environment Spe- 
cific tasks in both the line-motor and coarse-motor 
movements were demonstrated I he fine-motor 
activities involved manipulating electrical connec- 
tors (I igure 4) .is well as removing and installing 
a quick-disconncct fluid connection (Inure sj 
Average task times and svtra-to-mtravehiuilar ac- 
tivitv ratios are summar'/ed in fable 7 Based on 
the test simulation, it appears that in the case o| 
line-motor movements, extravehicular accom- 
plishment requites about siK, more time than does 
inlravchicular I Ins difference might be attributed 
to the sensitivitv and dcxtcritv dilleienccs between 
the gloved and the ungloved hand • 

I he information presented lot the Ime-motoi 
movements has also been developed lor the 
coarse-motor movements As an example of 
coarse-motor movements a handcrankmg opera- 
tion. such as might Ik* involved in deplovmg an 
appendage was selected (I igure b) Observational 
data were available for thiee crank radii ( * inches, 
b inches and ’> inches) Ifeie again average task 
times and extra-to-intravehicular actnitv i altos me 
ldentili.il ( I able X) 


In the case of the coarse-motor tasks, the i.itio 
is close to I I However, the coarse-motoi move- 
ment data illustrated in I igure 7 suggests that the 
greater the requited movement the greater the 
discrepance between performance times I his dif- 
ference reflects the restrictions associated with the 
pressure-suit articulations 
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Figure 4 Manipulating Electrical Comecton 



Figure 5 Installing a Check Disconnect Fluid Connection 
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Table 7 IVA end EVA Task Time Comparison* 
(Fine-Motor Movements) 


Task 

Average 

times 

(sec) 

Ratio 
EVA IVA 

IVA 

EVA 

Electrical connectors 




Coa* - 6 lums threaded 

19 

31 

1 63 

Bayonet - 120-dog lock and unlock 

9 

14 

1 75 

fiu»d interface 




Remove 

10 

13 

1 30 

Install 

14 

20 

1 44 

Average 

1 53 



Figure 6. Deploying an Appendage 


Table 8 IVA end EVA Task Time Comparisons 
(Coarse-Motor Movements) 


Task 

Average times 
(sec) 

Ratio 
EVA IVA 

IVA 

EVA 

Manual hand cran* 




3 inch radius 

20 

21 

1 05 

6 inch radius 

22 

24 

1 09 

9 inch radius 

23 

26 

1 13 

Average 

1 09 


It is believed th.it the timeline d.it.i derived Irom 
the neutt.il buovanev environment is a reasonable 
approximation ol the actual times that will be ex- 
perienced in zero liravitv lo stibst.mliate this In- 



Han<1 Oank Handle Rad.uj (»nchci) 
Figure 7. Coarse-Motor Movements 


pothesis. an evaluation was pertormed to compare 
the planned times based on neutral humane) sim- 
ulations and the actual times observed m space for 
ten composite extravehicular tasks on Shvlabs 2. 
3. and 4 Out ol a total ol 2f>42 minutes of planned 
operations, the actual hVA limes totaled 2491 
minutes or (i f < less (faster) than had been allocated 
(see Table 9) On the basis of this previous ex- 
perience. it was concluded that the time estimates 
derived from the recenllv conducted neutral hum- 
ane) simulations provide reasonable estimates ot 
on-orbit performance times 


Table 9 Skylab EVA Tasks 


EVA 

events 

Planned lime 
(minutes) 

Actual hmr 
(minutes) 

A time 
(minutes) 

1 

45 

35 

- 10 

2 

248 

203 

-45 

3 

105 

95 

9 

4 

448 

391 

-57 

5 

275 

270 

-5 

6 

156 

161 

* 5 

7 

339 

394 

r 6 

6 

442 

413 

- 29 

9 

212 

209 

-3 

10 

323 

319 

4 

Total 

2642 

2491 

- 151 

Overall - G*® under estimate (151 2642 minutes) 
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Once the -capabilities and limitations of cadi 
man-madnne mode base been established and 
their impact on the performance of each activity 
identified, the next step is to determine the relative 
cost of each of the applicable modes of imple- 
mentation Assuming <hat two or more alternative 
implementation concepts will be feasible for ac- 
complishing a specific activity, the determining 
factor in the mind of the system engineer becomes 
the question of cost Accordingly, the resources 
and support equipment needed to accomplish each 
activity in each ot the feasible man-machine inodes 
was identified to a depth sufficient to allow com- 
parative cost data to be developed 

The initial compilation of the resources and the 
support equipment was derived in conjunction 
with the timeline analyses In addition, several past 
and ongoing space projects, such as the Sky lab 
missions and the Unmanned Space Platform mis- 
sions. were reviewed to ensure that the final listing 
of resource needs and support equipment repre- 
sented all the most pertinent items 

'I lie support equipment necessary for the var- 
ious man-machine modes included facilities, 
extravehicular activity support items, tool kits and 
mechanical support equipment, command, con- 
trol, communication. and data management equip- 
ment: orbital mobility systems, and operating 
systems software 

'1 hese items of support equipment were used to 
establish relative costs (or performing an activity 
by each of the alternative man-machine categories 

No firm guidelines or charge policies for devel- 
oping operational user costs in the space station 
era arc currently available from government 
sources Accordingly, the general approach taken 
in this study was to establish a mission-related in- 
cremental tost as the basis for charging space ac- 
tivities rcqt'MMg direct human involvement at the 
space station 'I he incremental cost was defined as 
the tost difference between full mission-support 
capability and * zero-mission” man-m-space-only 
capability l he basic space station sizing param- 
eters (crew si/e. number of modules electrical 
power, communications data rate, and thermal 
control) were defined for both a fuli-cajiability m- 
itial-operating-capabihty station and a hypotheti- 
cal “zeio-mission” station that supported no 
payloads and was required only to maintain itself 

rV 
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in orbit. The differences in design parameters be- 
tween the “zero-mission" and the “full-capability" 
configuration are illustrated in Figures S and 9. 

The MDAC computerized space facihts cost 
prediction model was then run with these two sets 
of values to establish the incremental cost associ- 
ated with the supjiort ol potential users or speulic 
missions. 'I he cost ditfeicnce between the zero- 
capability and the full-eapahilitv lauhtv was ad- 
justed to exclude design and development cost, 
assuming that nonrecurring cost should not be in- 
cluded when developing a baseline for estimating 
user charges A 10-year life was assumed for the 
hardware represented In the resulting incremental 
space station facility cost. A straight-hue amorti- 
zation results in an average cost jkt vear that. 



Fijjuro 0. Space Station (Zero-Miuion Capability) 



300 Mbps Communication 
48 kW Thermal Control 

Fisurc9. Space Stetion (Full Capability) 
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Teblo 12 Logistics Transportation Cost 


when divided by iivailable operating man-hours 
per year, yields a cost of $10,427 per operating 
hour lor manned use of the spate station pressur- 
ized volume and utility services llus calculation 
is illustrated in I able 10 


Table 10 Pressurized Volume and Utility Services Cost"’ 



Full 

capability 
station 
(S millions) 

Zero 
mission 
station 
($ millions) 

Incremental 

cost 

($ millions) 

Simulator develop- 
ment ha'dware 

1380 

794 

506 

Flight hardware 

2244 

1366 

078 

Tolal 

3624 

2160 

1464 


Amortized incremental cost — $146 4M yr 


Cost per operatng hour - - Sto 427 man-hour 


(1) Production cost only, excludes design and devolopmenl cost 

(2) 6 mem * 9 hr day x 5 days week x 52 weeks year » 1 4 040 man 

hours year 

4. | A t 


A similar incremental cost approach to that used 
in developing the basic spate station latililv costs 
was used to estimate the logistics operations ..osts 
(replacement spares, consumables maintenance, 
and repairs) 1 his resulted in a cost ol SI2 201 per 
operating hour for space station logistics opera- 
tions 1 he values lor this calculation, which were 
generated bv the McDonnell Douglas Astronautics 
Company cost model, are summarized m I able 1 1 


Tabic 11 logistics Operations Cost 



Full 

capability 
station 
($ millions) 

Zero 
mission 
station 
($ millions) 

Incremental 

cost 

(5 millions) 

Replacement spaces 
and consumables 

261 5 yr 

129 7 yr 

131 8yr 

Maintenance and re 
pairs 

97 8 yr 

58 3 yr 

39 5 yr 

Total 

359 3 yr 

189 Oyr 

171 3 yr 


Cost per operating hour — - — — — - $12 201 man ho jr 

1 4 040 man hours yr 


I he incremental cost lor lo ustics ti. importation 
was determined bv allocating the Space Shuttle 
flight cost m proportion to the ratio ol incremental 
cost for logistics op> rations to lull capability cost, 
with a further cost-sharing adjustment llus re- 
sulted in a cost ol $4402 per hour calculated as 
illustrated m I able 12 
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Total cost * $86M firght x 80V" x 4 tights. year = $275 2M year 
Incremental cost * $275 2M year x 43V n - $132Myear 
S132M year 


Cost per operating hour 


14 040 man-hours year 


$9 402 hout 


(1) Assuming 20V sharing with other payloads and 4 STS flights per year 

$171 3U 

(21 Allocation lector (horn logistics operators) “ — — - - 48V 


In addition to the three nt.i|or elements de- 
scribed above, estimates were added for use ol 
airlock and safe-haven resources to complete the 
space station facility usage charge Based on data 
contained in the McDonnell Douglas cost data 
bank, these two items were estimated at Slb4 per 
hour and $32X per hour, respecttvclv l he sum ot 
all five elements amounts to $32,522 per hour (or 
$542 per minute) for use of the space station ta- 
cihties lo directlv support human activ mes in space 
(see I able 13) ' 


Table 13 Spece Station Facility Cost per Operating Hour lor 
Activities Requiring Direct Human Involvement in Space 
(1834 Dollars) 


Pressurized vo'umo and utility services 

$10 427 

Logistics operations 

12201 

log sties transporation 

9 402 

Airlock 

164 

Sate haven 

328 

Total space station lacilily 

$32 522 


A number of different factors were origmallv 
considered by the study team as having the poten- 
tial to significantly impact the cost ol space op- 
erations As the analysts proceeded the nine 
costing elements summarized n 1 aides 14 and 15 
were found to be the most significant determiners 
ol space activ itv costs 

The costing mcthodologv differed for each of 
the nine elements, depending upon whether a spe- 
cific cost element was driven bv the tinte-of-u\e or 
the frequents -of -me 'I he nmc-iclaicil group is 
characterized by the requirement for a support ele- 
ment to be used overall estimated activ itv timeline 
and includes use of the space station facility, the 
ground control and data handling facilities the 
tracking and data relay satellite system, and the 
extravehicular activity support items 'I lie fre- 
quency -of-use-related gunip is characterized by the 
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Table 14 Activity Coating Factors - Cost Elements That Are 
Primarily a Function of Tlmo Uae (Cost Per Minute) 


Element 

Computational Base 

■ Spaco station la 
Cilities and logis- 
tics operations 

Della cost (lull upH-ero mission station) 
A.aiiabie cie* lime 

■ Ground control 
and data han- 
dling facilities 

Production cost • Operalions cost 
Availability limo 

■ Tracking and 
data relay sal 
elMe system 

U S use and reimbursement policy 

■ EVA support 
items 

Production cost Operations cost 
Availability time 


Table 15 Activity Costing Factors - Cost Elements That Arc 
Primarily a Function of Number (N) of Uses (Cost Per Use) 


Element 

Computational base 

■ Toolkits and me- 
chanical support 
equ pment 

Producuon cost (Cl Q „„ (C) , 

■ Command con- 
trol communi 
cation and data 
management 
equipment 

Production cost iC) _ . 

— . 0 25(C) ‘ 

• Unmanned p'at 
form resources 

Production cosl • Operalions cost 
N“ 

b Orbital mobility 
s/s’ems 

Production cost * Operations cost 

J 

■ Operating , sys- 
tems software 

SoMwaro development cosl (C) 0 bSC 

H * N- 


requirement for .1 multiuse support item needed 
to perform an uUiMty and includes tool kits and 
mechanical suppoit equipment, command con- 
trol, communication and data management equip- 
ment. unmanned platform basic resources, orbital 
mobilitv s\ stems, and operating systems software 
I-or those man-machine modes invoking direct 
human participation (1 e . Manual. Supported. 
Augmented, and leleoperated). the most siemti- 
cant cost drivers were the prorated laulitv costs, 
transportation costs, oibit.il support equipment 
costs, logistics costs and the crew time or duty 
cycles I'or those man-machine modes involving 
indued human participation (1 e Supervised and 
Independent), the most stgmlicant cost drivers 
were proiatcd laulitv icsouices orbital support 
equipment. orbital mobilitv sv stems soltwaie and 
ground support operations costs 

Application ol the costing methodologv resulted 

/"V 
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in the development of a family of cumulative cost 
versus frequenev-of-use curves for each ol the 37 
activities As illustrated m Figure 10. these curves 
portray the relative economics associated with the 
performance ol each activity by the seven alter- 
native modes ol man-machine interaction 



Figure 10 Activity 29 Release/Securc Mechanical 
Interface (Cumulative Coit Versus 
Number of Times Activity Is Performed) 


Although the implementation costs for each in- 
dividual actmtv in each man-machine interaction 
mode .ire somewhat diflercnt. a rather significant 
observation is that the cost level lor direct human 
involvement (manual, supported augmented, or 
teleoperated modes) generally remains consider- 
ablv lower than the cost for remote human in- 
volvement (supervised and independent inodes) 
over a large number of times that the activity might 
be perlormed ( 1 to 10 (Mil) times) Figure 10 illus- 
trates tins general case As may be noted, the cost 
differentials span two orders of magnitude when 
only .1 few activations are required (1 to 10) hut 
narrow to one order of magnitude when the num- 
ber ot activations approaches 1000 For most ac- 
tivities. the manual mode can be pet lot mod in a 
relatively short time period (less than I hour) with 
only minimal inexpensive support equipment 
Lven a $32 $22-per-hour space station facilitv 
charge (althoueh a sigmlicant lactor 0 lengthy 
times arc involved) is still a relatively small cost 
factor until the frequency ot use approaches 1000 
Performing activities m the independent. .supei- 
vised. or teleoperated modes requires in most 
cases, a relatively expensive initial investment in 
support equipment and soltwaie. which does not 
compare lavoiably with the manual mode unless 
amortized over a large number ol uses 
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Variations from the general pattern observed m 
the preceding ease occurred for a few activities 
where unusual equipment or timeline require- 
ments were specified for a particulai mode of man- 
machine interaction lor example, in Attain J2 
- Rvphu c ! ( lean S iiijmc Coatings (see 1'igure 1 1 ) 
the manual and supported modes become rela- 
tively costlv when the number ol tunes the activin 
is to be performed increases to one hundred 01 
more I his is due primarih to the average time 
(M() minutes) required lor this activitv in the m in- 
uni mode, as derived from the timeline data It 
would be more cost effective to provide some de- 
gree of augmentation or remotclv (telcoperated) 
actuated mechanisms to aid in accomplishing this 
specific activitv it it had to be performed dailv over 
a period ol a vear or more 

'I he more activities that are requited to accom- 
plish .1 specific mission objective, the more tune 
required and the higher the cost. I Ins is Hue of 
the manual, suppoi ted augmented and telcoper- 



1 10 100 1000 


Number of time* activity is performed 

Figure 11. Activity 32 Replace/Clean Surfaco 
Coatings (Cumulative Cost Versus 
Number of Times Activity Is Performed) 


ateil modes ol operation In the ease of the op- 
erational modes where human involvement is 
more indirect (i e . the supers ised-ground. the su- 
pers ised-on-ot bit. and the independent modes), 
the principal contributor to the cost ol performing 
a set of activities is more directly dependent on 
the eost of the resources and the supporting equip- 
ment items required to perlorm each activitv in 
orbit than on the time required to accomplish the 
activity 'I Ins means that m the modes requiring 
indirect human involvement the cost leduction 
due to the potential of sharing common equipment 
items and common resouices can be a significant 
lactor in the cost equation 

In the example shown in I igure 12. it onlv the 
one activitv were required to be performed, it 
would need to be repeated thousands ol times be- 
fore it would be cost effective to provide some 
degree of automated support (i e the supervised 
mode of operation) On the other hand, it a total 
of lb activities has to be performed to accomplish 
the mission objective, and if Activitv 29 has to be 
performed onlv two hundred times designing the 
mission objective to be accomplished in the su- 
pervised mode becomes an attractive option 
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Figure 12. Activity Number 29 Rclease/Secure 
Mechanical Interface 
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< ! Section 3 

I j TECHNOLOGICAL READINESS 

In developing the coiiLcptu.il design for an .id- 
v.uiced spate system. a very important consider- 
ation is the level ol teihnologic.il readiness of each 
of the critical elements comprising the system '1 he 
closer the technological readiness level of each of 
the key elements is to full operational capability, 
the greater the probability of successfully imple- 
menting the system concept The level ol tech- 
nological readiness is an especially important 
factor for the decision-maker m selecting the op- 
timal mode ol man-machine interaction I he eight 
levels of technological readiness considered in the 
THURIS study are defined in I able lb 

T he time scale required to achieve each level of 
technological readiness depends m laige part upon 
the degree of complexity of the system to be de- 
veloped. {-or relatively simple systems, the times 
required to move from level 1 to level 7 mav take 
from 1 to ^ years 'Hus time range oltcn reflects 
the impact ol factors other than technical progress 
on the development process such as political or 
budgeting constraints or the availability ol cor- 


Table 16 Level* ot Technological Readiness 


Readiness 

level 

Definition 

1 

Basic principles observed and reported 

2 

Conceptual design formulated 

3 

Conceptual design tested analytically or 
experimentally 

4 

Critical function characteristic demonstration 

5 

Component breadboard tested m relevant 
environment 

6 

Prototype engineering model tested in relevant 
environment 

7 

Engineering model tested in space 

8 

Full operational capability (baselined into 
production design) 


ollary systems required to demonstrate or aid in 
the development of the item in question An ex- 
ample of the development path for a simple system 
is illustrated in I igure 13 The devices in this case 
are small electrical connector tools to be used in 
changing out orbital replacement units on a Space 
Platform During neutial buovanev tests at the 
Marshall Space I light Center in 19NI, the need for 
such tools was identified The steps from concep- 
tual design (level 2) to *estmg an engineering 
model (level b) took about 1 year lo proceed to 


Technology Calendar Year 

Re idmess 19dO 1ga1 1982 1983 1934 1985 198G 


Level 

1 1 1 1 ! 1 T „ 

8 — Initial and full 

operational 
capability 


rr. 1 ’'".-'."T'.ti 
’ 9 * 

7 — Engineering 
model test 
in space 

■' 30 

► 

6 — Engineering 

model tested 

, 

r ' 1 y ^ 

5 — Component/ 
breadboard 
tested 



4 — Critical function' 
characteristic 
demonstration 

- 


> 

3 — Conceptual 

design analyzed 



2 — Conceptual 
design 
formulated 


esai 

£ 

> 

1 — Basic prmet 

pies observed/ 
reported 


t 


Figure 13 Development Path for Electrical Connector Tools 


AfCDO/V/VI'UL OOUGIA1 


17 




the ncvt4<**j4'**f testing an engineering model in 
spate and then to obtain full operational capabil- 
ity. approximately 30 months will he required be- 
cause of scheduling and National Space 
Transportation System mamlest constraints 
I lie time requirement to mine from level I to 
level 7 for a more complex system may take Irom 
10 to 20 years An example of the development 
path for a more complex system is illustrated in 
Figure 14 Hie system illustrated is an Fleet ro- 
phoretic Production Unit currently under devel- 
opment at McDonnell Douglas Although the 
potential of electrophoresis as a separation tech- 
nique has been known since the turn of the cen- 
tury. the specific application and value ot a space- 
based system was initially conceived m the period 
between 1072 and 1074 By 1075 a conceptual de- 
sign (level 2) had been developed and engineering 
models were developed and tested (level 6) in the 
1070-SI time period I he lirst test of the engi- 
neering model m space occurred on S'! S-4 m June 
ol 1082 'Iests will continue tlnough 10S4 I he 
development of a lull-scale production facility in 
all probability will depend upon the availability ol 
a manned space station with a current estimate ol 


full operational capability in 1002 Similar exam- 
ples of the lime required for technological ad- 
vancement can be drawn from the historic data of 
other complex space systems 'Flic concept of 
building and launching a diffraction-limited m- 
Irared-visible-ultraviolct orbiting telescope was 
advanced m the early 1060s Over 20 years will 
have elapsed between the early conceptual design 
(level 2) and achievement ol full operational ca- 
pability ol the space telescope in 108ft 

Figure 15 summarizes the expected relationships 
between technological readiness levels and the 
time required to achieve lull opeiational capability 
for single, moderately complex and complex 
systems 

Simple Systems mav be defined as requiring 
b Implementation ol a single action 
b Operations generally independent of other 
functions 

a Unique applications, although basic princi- 
ples well understood 

An example might be a ratchet wrench that is 
required to remove and install mechanical fas- 
teners Most manual and supported modes ol man- 
machine interaction would lull into this category 
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Yturs to Full Operational Capability 


Figure 15. Tecnnology Advancement Classifications 


Moderately Complex Systems mav ho defined <is 
requiring 

n Multiple interacting lunctions or actions 
□ Complex control logic or networks 
B Basic implementation techniques similar to 
previous!) developed systems 

An example might he a computei work station 
that provides data computation correlation, and 
plotting capabilities Most augmented and teleo- 
perated, and some supervised modes ol man-ma- 
chine inteiaction would i all into this entegorv 

Complex Systems mav be delmcd as requiting 
b Multiple interacting lunctions or actions 
o Complex control Ionic oi ndvvoiks 
n Reduction to piactice ol desmn concepts 
(comparable s\stem has not been developed ) 

An example might be a lemotelv contiolled sat- 
ellite servicing system capable ol sell-actuating or 
selT-heahng opeiations in i espouse to external 
stimuli Most remotely supei vised and independ- 
ent man-machine interactions would tail into this 
category 


One ot the objectives ol the Human Role m 
Space studv was to identify the rec|iinements lor 
technological developments needed to enable and 
enhance the human tole in future space activities 
A rev.evv of NASA planning documents indicated 
that the required enabling technologies as cui* 
rentlv debited do include the ma|or issues ol con- 
cern As described in NASA’s Space Svstems 
Iechnologv Model" 1 three key human-lactors re- 
seaich and development areas include ./eu station 
design. cMiasi'ltHttlai minus anil tclco/wt nitons 
As a genet al obseivalion. those projects asso- 
ciated xv n h cxtiavehiculai activities .uh! teleopei- 
.itions reach lull operational capabihtv in a tune 
domain consistent with the initial operational ea- 
pabihtv ot the space station Hence activities de- 
pending upon the successlul completion ol these 


(l)NASA Spice Svstcine Icclinatnw Model I illli Issue' 
dale el J. urn irx P>s4 N XSA Olliee ut Acronaullis and 
X|\ne leilmoloitv (ode Its Washington I)( 2Ux4(i 
Issued unde i t lie umhutilv at Man li Xadm Depute Di- 
rector Program Development OAKIKS 


MCrJOA/VCtt oouo 


Ol 


19 








projects can he accomplished with .1 reasonable 
and acceptable level ot technical risk lor the m- 
travehiclai work-station-related protects, how- 
ever. the risk assessment acceptahihtv is less dear 

The current mission model developed by the 
Mission Requirements Workmtt Cnoup of the 
Space Station Task I nice suggests that as the so- 
phistication ot future pav loads intre.ises. there will 
be an accompanying shilt in crew suppoit skills 
and requirements A transition occurs Irom the 
more pin steal tasks to the more intellectuallv ori- 
ented woik activities with the progression ol time 
'Hus pattern appears to be analogous to the in- 
dustrial development dvnamic vvliei cm the blue- 
collar vvorkei changes to a vv lute-coil . 11 worker as 
the transition Irom production ol goods to piovi- 
sion ol services takes place 

As the emphasis changes in the vvoikplace. the 
design of the eiew woik station must also change 
to reflect the change Irom the physical to the in- 
tellectual To moie ellectiveiv use human intelli- 
gence. a better match is required with machine 
intelligence and with "expert" systems Work sta- 
tions must (I) communicate fluently with humans 
(speaking, writing, di awing, etc ). (2) assist in in- 
teractive problem solving and inference (unctions, 
and (3) provide knowledge base lunctinns {infor- 
mation storage, retrieval and expert" systems) 
for support 

Some of the specific .ssues related lo work-sta- 
tion design that fall m the domain of “enhancing" 
technology and can be considered technology gaps 
at the present time are 

1. The Nature ol Human Intelligence. Continuing 
Cffoit should be directed toward developing a bet- 
ter understanding ol the nature ol human intelli- 
gence in order to develop work stations permitting 
more effective use ol human intellectual 
capabilities 

2 Measurement ot Human Productivity Contin- 
uing effort is reouired to develop valid measures 
of human performance and productivity m order 
to have meaningful criteria lor evaluating perform- 
ance and productivity adjustments caused by 
changes in operational procedures and system de- 
sign concepts 

3 Critical Incident Analysis of Human Perform- 
ance Continuing efloit is required to investigate 
and understand the causes of "human error ' m 


space system operations, as well as incidents ol 
exceptional performance, in order lo identify and 
classify the causal lactors and establish guidelines 
for the design of future space systems 

4. Space Station Workshop Design. Continuing 
effort is required to develop the technology needed 
to provide an organized, integrated, on-orbit 
maintenance depot-workshop for the space sta- 
tion Tools, techniques, and support facilities must 
be delmcd 

5. Visual Display Development Continuing ef- 
fort is required m the development ol visual display 
terminals, inasmuch as it is anticipated that, just 
as today, of the information required by fu- 
ture space eiews will be obtained through the sense 
of sight 

T he estimated time-phased technology readi- 
ness levels of these five areas and the recom- 
mended timetable for systematic studies of these 
areas are plotted in Figure lb to show their rela- 
tionship to the space station reference schedule 
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Figure 16 A Time Phased Technology Plan for Critical 
Areas of Enhancing Technology 
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Section 4 I 

A DECISION GUIDE FOR ALLOCATION 1 
OF FUNCTIONAL ACTIVITIES j 

BETWEEN HUMANS AND MACHINES j 


Based upon the criteria ol peijoriinuue, lost, 
and tei Iwoloiiiuil readiness the study team has at- 
tempted to formulate a decision guide that can he 
used to logically allocate space activities to alter- 
native man-machine implementation modes In 
developing this decision guide, we recognized that 
such decisions are highly dependent upon the tune 
period in which a given system will he imple- 
mented I hat is to sav, the capabilities to support 
man in space will continue to evolve as will the 
other technologies, including the applications of 
artificial intelligence and the advanced develop- 
ment of micro- and macro- manipulators Fut- 
thermorc. the mdc\ numbers (performance times, 
cost data, technological readiness, etc ) used in the 
decision process at this time can he expected to 
change as better information necomes available 
from future studies and from oper itional exper- 
ience Accordingly, the decision model should be 
considered as soil in the evolving stage and viewed 
in that conte ,t hven so. the procedute as outlined 
should he useful m the early conceptual design 
process to help decision-makers formulate a strat- 
egy for selecting an initial reference design con- 
figuration As the design concept crystallines, 
design solutions will presumable he iterated to take 
advantage of the better data on performance, cost, 
and success probability that become available with 
a maturing design In some cases the preferred 
mode of implementation may be expected to 
change in later stages ol the preliminary design 
process as better design data is developed 

With these caveats m mind, and recognizing that 
the guide might take main forms a simplified 
schematic of the decision process is presented m 
Figure 17 A woiksheet format has been prepaied. 
as illustrated in Figure IS. to develop the steps in 
tins decision process 

For using this woiksheet, seven m ides ol man- 
machine interaction have been selected to repre- 
sent the steps along the continuum fiom direct 
manual opetation at one extieme to completely 
independent self-healmg-sell-actuatmg systems at 
the othc 1 hese modes are designated as manual, 
supported, augmented teleoperated. supers iscd- 
ground, supeivised-orbit, and independent 
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Step 1 

Z3Z 


Step 2 

HZ 


Step 3 

~T~ 


Step 4 

zsz 


Step 5 


X 


Identify activities required in system operation 

Identify man machine modes meeting performance 
requirements of each activity 

Determine most cost effective mode for each 
activity 

Estimate state of technological readiness for the 
most cost-effective mode for each activity 

Rank each man machine mode according to the 
number of activities for which it is the most cost 
effective approach 


Step 6 

Select mode with highest applicability (rank] 








i 






Can this mode meet 
the performar ce 
requirements of dll 
activities? 


Select mode with next 
highest applicability 
(rank) as determined 
m Step 5 




(s technological 


Is time penalty 

readiness level 


acceptable for achieving 

acceptable? 

desired readiness level? 




If Yes 


Use this man machine 
mode as baseline for 
conceptual design 


Figure 17. Decision Process for Identifying the 

MatvMachms Mode to Use in the Initial 
Conceptual Design Effort for an Advanced 
Space System 


'I he cost charges for the activities to be con- 
tinued in ihc direct manual modes (manual, sup- 
ported, augmented, and teleoperated) vveie based 
primarily on a cost-pcr-umt-time factor Assuming 
that an <S-psi extravehicular activity suit will be 
’variable in the time penod for missions now in 
the conceptual design stage, the delta costs for 
extta over intravehicular activities were negligible 
compared to the overall cost of manned space op- 
erations Thus, it was unnecessary for the initial 
approach to selecting the baseline operational 
modes to dctetinme whether the activity would be 
ultra or extravehicular This issue can he lesolved 
Liter in the design process on the basis ol more 
detailed performance and operational require- 
ments, and not by cost per sc 

The suggested procedure for determining the 
mail-machine category to consider in the initial 
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Activity name 

— 
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H 

activity 

required 

Ho ol 
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Per- 
formed 

Han-machine categories 

Techno- 

logical 

Readi- 

ness 
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Figure 18. Worksheet for Defining the Human Role in Space 
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conceptual design of a space system (see Figure 
19) is as follows: 

Step 1: Which of the 37 unique activities are in* 
volved in meeting the mission objectives? 

1. Place a check mark in column A of the 
worksheet by each ol the 37 activities that are re- 
quired for accomplishing the mission objective 

2. l or each activity checked in column A. 
estimate the number of times that activity will be 
performed during the mission and enter the nu- 
meric estimate in column 13 

3. Add the number of checks in column A 
and enter total in box M 

Step 2: Which modes of man-machine interaction 
can meet the performance requirements of each 
activity? 

1. Place .i check in each of the man-machine 
categories, columns C through 1, that could be 
used to satisfy the mission requirements, basing 
your ludgment on 

h I ime requirements lor performing activity 
a Limiting factors that may restrict human 
involvement 

Step 3: Which man-machine mode represents the 
most cost-sffective approach to the performance 
of each activity? 

1. For each aetiv ity . circle the check mark in 
columns C through I that represents the most cost- 


cftcctive man-machine implementation mode, as 
determined from each set of cost versus number- 
of-repetitions curves 

Step 4: What is the state of technological readi- 
ness for the most cost-effective man-machine 
modes identified in Step 3? 

1. For the man-machine mode circled in col- 
umns C through 1, estimate the technological read- 
iness level and enter this value in column J of the 
worksheet 

2. Find the median level of all the techno- 
logical readiness values entered in column J and 
enter this median value in bos U Ibis median 
value delines the overall technological icadmcss 
of the aggregate of the proposal implementation 
concepts for the mission being analyzed 

Step 5: What is the relative degree of applicability 
(rank) of each man-machine mode in accomplish- 
ing the mission objective? 

1. Enter the total number ol circled check 
marks in columns C through I in hoses N through 
T, respectively fhese totals indicate the relative 
degree of applicability of the alternative man-ma- 
chine modes 

Many considerations must be taken into account 
in selecting the man-machine mode to use as the 
baseline lor initiating the conceptual design ol an 
advanced svstem The principal factors of intereit 



Figure 19 Worksheet for Optimizing the Human Role in Space 
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to system engineers will he performance, cost, and 
technological readiness The relative importance 
to place upon each of these factors, however, will 
rest on the judgment ol the decision-maker 

The sixth step in the decision process will involve 
an iterative process to determine, m the judgment 
of the decision-maker, the man-machine mode 
with the highest applicability lor the specific mis- 
sion objectives 

If no single mode is found to be acceptable, it 
may be necessary to select .. combination of modes 
that represents the minimum number of modes 
required to achieve the mission objectives within 
the time constraints imposed 

This procedural methodology has attempted to 
provide a technique for logically determining early 
in the conccptu.il design process for a new space 
system which of the various modes oi man-ma- 
chine interaction can be used to most effectively 
perform the activities required. 

Our analyses to date have confirmed once again 
the conventional wisdom that the human role in 
future space systems will draw heavily upon the 
intellectual capabilities, the sensory and percep- 
tual capabilities, and the fine manipulative skills 
of the human observer Ot all ot man s sense mo- 
dalities. vision is the most important for future 
space applications Man's capabilities for recog- 


nizing mlormation in \arious forms and under- 
standing it, his capabilities lor creative 
imagination, his ability to rigorously structure 
problems and develop solutions, and his ability to 
make decisions will continue to be essential ingre- 
dients in future systems Many examples Irom ex- 
periences on previous space missions illustrate 
these capabilities 

I’crjomium e. Cost, and Teihnologual Readi- 
ness remain the principal criteria in determining 
where along the contifTuum Irom direct manual 
intervention to independent operations the mis- 
sion requirements of future space programs can 
best be met By defining a generic set of acti\ ities 
from which systems meeting future mission re- 
quirements can be synthesized, and by assigning 
performance, cost, and technological readiness 
metrics to each of these generic activities, a mech- 
anism becomes available for developing a logical 
rationale for selecting the optimal man-machine 
interface 

Using the methodology developed in this studv. 
it will become possible to establish early in the 
design process the most cost-effective design ap- 
proach for future space programs through the op- 
timal application of unique human skills and 
capabilities 
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